Context. The chemical compositions of globular clusters provide important information on the star formation that occurred at very early times in the Galaxy. In particular the abundance patterns of elements with atomic number z ≤ 13 may shed light on the properties of stars that early on enriched parts of the star-forming gas with the rest-products of hydrogen-burning at high temperatures. Aims. We analyse and discuss the chemical compositions of a large number of elements in 21 red giant branch stars in the metal-poor globular cluster NGC 6397. We compare the derived abundance patterns with theoretical predictions in the framework of the "wind of fast rotating massive star"-scenario. Methods. High-resolution spectra were obtained with the FLAMES/UVES spectrograph on the VLT. We determined non-LTE abundances of Na, and LTE abundances for the remaining 21 elements, including O (from the [OI] line at 630 nm), Mg, Al, α, iron-peak, and neutron-capture elements, many of which had not been previously analysed for this cluster. We also considered the influence of possible He enrichment in the analysis of stellar spectra. Results. We find that the Na abundances of evolved, as well as unevolved, stars in NGC 6397 show a distinct bimodality, which is indicative of two stellar populations: one primordial stellar generation of composition similar to field stars, and a second generation that is polluted with material processed during hydrogen-burning, i.e., enriched in Na and Al and depleted in O and Mg. The red giant branch exhibits a similar bimodal distribution in the Strömgren colour index c y = c 1 − (b − y), implying that there are also large differences in the N abundance. The two populations have the same composition for all analysed elements heavier than Al, within the measurement uncertainty of the analysis, with the possible exception of [Y/Fe]. Using two stars with almost identical stellar parameters, one from each generation, we estimate the difference in He content, ∆Y = 0.01 ± 0.06, given the assumption that the mass fraction of iron is the same for the stars. Conclusions. NGC 6397 hosts two stellar populations that have different chemical compositions of N, O, Na, Mg, and probably Al. The cluster is dominated (75%) by the second generation. We show that massive stars of the first generation can be held responsible for the abundance patterns observed in the second generation long-lived stars of NGC 6397. We estimate that the initial mass of this globular cluster is at least ten times higher than its present-day value.
Introduction
The abundance patterns of light elements (up to Al) in globular clusters are in the process of being carefully investigated. In particular, many groups are studying the origin of the larger spread in C, N, O, Na, Mg, and Al abundances compared to field stars of similar metallicity. The present status of the observed light element (O, Na, Mg, and Al) abundances in globular clusters and that the gas that formed second generation stars in globular clusters underwent early pollution by slow ejecta from intermediate or massive stars.
In this context, it is significant that photometric evidence of multiplicity has been found in some clusters, e.g. the parallel main sequences identified in ω Cen and NGC 2808. These observations seemingly necessitate that a difference in the He content be present (e.g. Norris 2004) , in qualitative agreement with the self-enrichment process responsible for the other light-element variations. Helium enrichment is also commonly invoked to explain the extended horizontal branch observed in many clusters (D'Antona & Caloi 2008) . We are, however, far from building a fully consistent picture of the chemical evolution of globular clusters that can explain all the various observations simultaneously.
A key unknown is the nature of the polluting objects. One possibility is that so-called hot bottom burning occurs at the base of the convective envelope in intermediate-mass stars during the asymptotic giant branch (AGB) phase, leaving nucleosynthesis products in the envelopes that are subsequently expelled . In addition, super-AGB stars have been suggested to be responsible for the most extreme anomalies (Pumo et al. 2008) . The main alternative scenario is a slow mechanical wind from rapidly rotating massive stars (e.g. Decressin et al. 2007a ), whose envelopes have been enriched in H-burning products by means of deep internal mixing (see Sect. 4 ). Yet another option is mass loss from massive binary systems, as suggested by de Mink et al. (2009) .
By performing accurate abundance analysis of many elements (and isotopic ratios) in large stellar samples, we may be able to pin-point the nature of the progenitors (e.g. Charbonnel 2005 , and references therein). A common property of the competing scenarios is that the pollution would mainly alter the light element abundances of the second generation stars in globular clusters, thus leaving α and iron-peak elements unaffected. This is necessary to explain the homogeneous composition of these elements seen in most clusters. Elements created in the sprocess may be affected by AGB pollution, suggesting that correlations exist between s-process and light element anomalies. In NGC 6752, an unexplained correlation was indeed identified between Al abundances and Y, Zr, and Ba (Yong et al. 2005) , but the systematic heavy element variations are small (0.1 dex) and comparable to the statistical scatter. One must also bear in mind that the yields of AGB stars are uncertain (e.g. Charbonnel 2007; Decressin et al. 2009; .
In addition to mapping the presence of abundance trends and correlations, it is also essential to investigate, preferably with sound number statistics, the fraction of stars with normal chemical compositions, similar to those in the field, and the fraction of second and possibly third generation stars in globular clusters. Linking this information to other cluster observables, one may construct a schematic model for the episodes of star formation and evolution. Carretta et al. (2010) describe a possible general formation scenario in which a precursor population, forming from the gas assembled at a very early epoch inside a CDM halo, efficiently raises the metal content of the gas cloud via corecollapse supernova explosions. These trigger a second, large episode of star formation, the so-called primordial population (first generation). The slow winds of massive or intermediatemass stars of the primordial population feed a cooling flow, and the intermediate (second) generation of stars are formed in the central parts of the cluster, out of material enriched in H-burning products. The remaining gas is dispersed by core-collapse supernovae of the second generation and star formation ceases. The present-day cluster is dominated by the second generation, with a smaller fraction, approximately 30%, being left of the primordial population. Critical factors determining the outcome of this scenario are the initial mass function (IMF) of the polluting stars, the initial total mass of the cluster, and the amount of mixing between processed gas in the slow stellar ejecta and pristine cluster gas. We discuss these issues in Sect. 4.
HST photometry of NGC 6397 produces a remarkably clean HR-diagram, with a very tight main sequence (Richer et al. 2008 ) and a very compact blue horizontal branch, i.e. there are no obvious photometric signs of multiple populations. The cluster is well-studied in terms of numbers of stars for which high-resolution spectra have been obtained, but only a handful of elements have previously been analysed even on the RGB (most recently by Castilho et al. 2000; Gratton et al. 2001; Thévenin et al. 2001; Korn et al. 2007; Carretta et al. 2009a) , as summarised in Table 1 .
Early studies of the strengths of the G and CN band in RGB stars in NGC 6397 (and other clusters) suggested that there are anomalies in their C and N abundances (Bell et al. 1979; Briley et al. 1990 ). Eventually, Gratton et al. (2001) also detected a significant spread in Na abundance for a sample of ten TO stars and RGB stars, findings that clearly pointed to an intrinsic, rather than evolutionary, origin. Carretta et al. (2005) corroborated these findings for a larger sample of stars and also found a significant O-Na anti-correlation, as well as a large spread in C and N abundance (see also Pasquini et al. 2004) . In the latest analysis by Carretta et al. (2009b,a) , the ONa anti-correlation is present, although the number statistics are still rather small, oxygen measurements in particular being few in number. A Mg-Al anti-correlation has not been identified in NGC 6397, but Mg also seems to exhibit a certain scatter (Korn et al. 2007 ). Lind et al. (2009) , hereafter Paper I, presented Na abundances for > 100 TO, SGB, and RGB stars, and found that the most heavily Na-enriched stars are also significantly depleted in Li. It is thus clear that NGC 6397, like other globular clusters, should no longer be regarded as a single stellar population despite the tightness of its colour-magnitude diagram. However, even if pollution indeed seems to have taken place in the cluster, it is unclear to which extent, and which elements are affected by it. In this study, which targets red giants, we cover as many elements as possible for a large sample of stars and give a more decisive answer to this question.
Observations and analysis
We obtained high-resolution (R = 47000) spectra with the multiobject fibre spectrograph FLAMES/UVES on the VLT, covering the wavelength range 480-680 nm (UVES Red 580 standard setting). For a subset of six stars, we also have spectra covering the wavelength range 760-1000 nm (UVES Red 860 standard setting). Our targets are all RGB stars, whose surface abundances should reflect the initial composition of cluster gas, with the notable exceptions of Li and Be, which are not studied here (Li abundances were published in Paper I). In particular, any internal abundance gradients created by atomic diffusion (Korn et al. 2007; Lind et al. 2008 ) during the main sequence have been erased by the growth of the convective envelope.
We consider here a subset of the targets analysed in Paper I, and we refer to that study for a detailed description of the observations, data reduction, and stellar parameter determination. In brief, we determined effective temperatures from the (b − y) photometric index, interpolating between data points in the grid of synthetic Strömgren colours computed byÖnehag et al. (2009) using MARCS model atmospheres (Gustafsson et al. 2008) . Surface gravities were derived from the standard relation to mass and luminosity. In total, we present abundances for 21 red giants distributed along the upper RGB of NGC 6397 (see Fig. 1 ), above and below the bump. The targets span a total range of approximately 500 K in effective temperature and 1.5 dex in surface gravity.
The full list of lines used in the analysis is given in Appendix A (except for all iron lines, which are listed in Paper I), with references to the oscillator strengths that were adopted. The wavelengths and the majority of f -values were taken from the Vienna Atomic Line Database (VALD). In all abundance analyses we used 1D, LTE, spherically symmetric, hydrostatic model atmospheres computed with the MARCS code (Gustafsson et al. 2008) . For O, Na, Mg, and Al lines, we applied spectrum synthesis with the Uppsala code Bsyn, whereas all other elemental abundances were determined from equivalent width measurements of single lines that were translated to abundances with the corresponding code Eqwidth. Abundance ratios with respect to the Sun were calculated using the solar abundances of Asplund et al. (2009) . The listed abundance errors reflect only the measurement uncertainty, as estimated from the signal-tonoise ratio of the spectra (Norris et al. 2001) , and do not consider uncertainties in the adopted stellar parameters. Upper limits to the equivalent width, hence the abundance, were calculated by adding the estimated measurement uncertainty twice to the bestfit synthetic spectrum. Our analysis has its obvious limitations in that it relies mostly on traditional 1D modelling and LTE line formation, and neglects hyperfine splitting. However, the modelling procedure is fully adequate for establishing a robust internal abundance scale, which is our primary objective. Fig. 2 shows the observed and best-fit model spectra of O, Na, Mg, and Al lines in two RGB stars, #17691 and #12138. The abundances of these four elements were all based on weak lines, whose line formation do not depart substantially from LTE. For Na only, we computed and adopted non-LTE abundances for all targets, whereas LTE was assumed to hold for the other species. The oxygen abundance was determined from the forbidden line at 630 nm, which is believed to have negligible non-LTE corrections, but may be sensitive to granulation effects (Kiselman 2001; Nissen et al. 2002) . For the four targets for which this was possible, we also determined the oxygen abundance based on the 
Fig. 2.
The figure shows some sample UVES spectra and the best fitting synthetic models and ±1σ profiles. The top spectrum in each panel represents a second generation star (12138) and the bottom a first generation star (17691).
NIR triplet lines at 777.1 nm and 777.4 nm, finding very good agreement with the 630 nm line in LTE. Fabbian et al. (2009) predict non-LTE corrections for the triplet lines to be of the order of −0.05... − 0.08 dex for our targets, adopting hydrogen collisions with S H = 1.0 (Pereira et al. 2009 ). Applying this correction would slightly lessen the agreement with the forbidden line. However, a different choice of oscillator strength (e.g. that by Storey & Zeippen 2000) , would lower the oxygen abundances inferred from the 630 nm line by a similar amount. The Na abundances were based on the 568.2 nm and 568.8 nm doublet lines by interpolating between non-LTE curveof-growths, established with the most recent atomic data for a grid of MARCS model atmospheres (Lind et al. 2011) . The non-LTE corrections are moderate, being of the order of −0.07 dex for stars with these stellar parameters. For five targets, we compared the abundances inferred from the 568.2/568.8 nm lines with those inferred from the 818.3/819.4 nm lines in Paper I. To ensure that the set of Na abundances are fully consistent with the current study, we used the published equivalent widths in Paper I and recomputed the abundances based on the latest non-LTE calculations. For these near-infra red lines, LTE analysis overestimates the abundance by 0.15 − 0.35 dex, depending on the line strength and stellar parameters. As seen in Fig. 4 , the non-LTE corrected abundances agree reassuringly well within the uncertainties.
The Mg abundance was determined from the Mg line at 571.1 nm, for which Shimanskaya et al. (2000) report non-LTE corrections that are smaller than 0.02 dex for the relevant stellar parameters. We note that adopting a calculated (e.g. Chang 1990 ), rather than experimentally determined f-value (Lincke & Ziegenbein 1971) for this line would systematically lower the Mg abundances by ∼ 0.1 dex. The doublet lines of neutral Al at 669.6/669.8 nm were used to infer the Al abundance. We did not find any non-LTE calculations in the literature for these lines in metal-poor giant stars, but since they are weak, high-excitation lines, they should at least be more reliable abundance indicators in LTE than the stronger UV resonance lines at 396.1/394.4 nm (e.g. Asplund 2005 ). Furthermore, since our targets all have quite similar stellar parameters, the differential non-LTE effects should be small. Table 1 lists the mean abundance and dispersion in all elements, compared to values found in the literature. Only recent studies that analysed stars on the upper RGB, in approximately the same magnitude range as our targets, are included in the comparison.
Abundance analysis

O, Na, Mg, and Al
In agreement with previous findings for the cluster (e.g. Carretta et al. 2005 Carretta et al. , 2009a , and Paper I), we find a large spread in Na abundance. Fig. 4 shows how Na abundances vary with effective temperature for post-TO stars in the cluster, including the RGB star abundances determined in this study, as well as our improved abundance determinations for the sample of TO, SGB, and RGB stars analysed in Paper I. It is apparent that the mean Na abundance is higher by approximately 0.2 dex in the RGB stars (T eff < 5600 K), compared to the TO and SGB group (T eff > 5950 K). For these low-mass stars, classical models do not predict any dredge-up of fresh Na produced in situ by proton-capture on pristine 22 Ne (see e.g. Charbonnel & Lagarde 2010) , so the reason for the apparent Na enhancement must lie elsewhere. A similar difference was identified by D 'Orazi et al. (2010) , between dwarfs and giants in 47 Tuc, which they propose to be an artificial result, stemming from the assumption of Gaussian line profiles when determining the equivalent widths of the 818.3/819.4 nm lines. This is not the case for our study, since we use a full spectrum synthesis. Considering in particular the good agreement between the 818.3/819.4 nm lines and the 568.2/568.8 nm lines for the five RGB stars for which both are observed (the mean difference between the doublet is 0.03±0.04, Fig. 4 . Non-LTE Na abundance variation with effective temperature in NGC 6397. Bullets represent the RGB stars that are analysed in this study (abundance based on 568.2/568.8 nm lines) and open diamonds the stars analysed in Paper I (Lind et al. 2009 , abundance based on 818.3/819.4 nm lines). The studies have five targets in common. The grey shaded area illustrates, given a range of different initial Na abundances, the predicted evolution of the surface abundance based on a model with atomic diffusion and turbulence below the outer convective zone (Richard et al. 2005, model T6.0) we propose that the 0.2 dex difference is real. This is indeed the amount expected from stellar structure models including atomic diffusion, moderated by a certain degree of turbulence below the outer convection zone, as illustrated in Fig. 4 (see Richard et al. 2005 , and references therein). Korn et al. (2007) and Lind et al. (2008) found differences of similar size between dwarf and giant star abundances of Fe and Mg in NGC 6397, that are well reproduced by the T6.0 model of Richard et al.. We therefore propose that the TO and SGB stars have lower photospheric Na levels because of gravitational settling from the envelope, whereas the initial abundance has been reinstated in the photospheres of RGB stars, by the dredge-up of segregated pristine material when the convection zone deepened. We note that even if atomic diffusion accounts accurately for the abundance differences between dwarfs and giants in NGC 6397, the situation may be different for 47 Tuc. This cluster has a higher metallicity ([Fe/H]=-0.76, Koch & McWilliam 2008) and hosts TO stars with cooler effective temperatures and larger convective envelopes, which implies that settling is less efficient in this cluster. Accounting for the presumed effect of atomic diffusion and adjusting the Na abundances of TO and SGB stars by +0.2 dex, the abundance histograms shown in Fig. 5 reveal an interesting pattern. The Na abundance distribution of both groups clearly appears to be bimodal, having two peaks separated by ≈ 0.4 dex and the one at higher abundance being larger than the other. The right hand panel of Fig. 5 shows the histogram of the merged sample, where the two peaks have become more distinguished. A two-population fit, assuming Gaussian distributions, is also indicated by a red solid line. The best fit places the first population around A(Na) = 3.84 ± 0.10 (mean and standard deviation) or correspondingly [Na/Fe] ≈ −0.30, and the second around A(Na) = 4.23 ± 0.13 or [Na/Fe] ≈ 0.09. The number ratio is approximately 1:3, with 25% of the stars in the first group and 75% in the second group. We interpret this abundance distribution as a result of intra-cluster pollution, raising the Na abundances of a second generation of stars relative to the first. This clear distinction between the present populations was impossible before for NGC 6397, probably because of small number statistics. A one-sided Anderson-Darling test of the cumulative distribution function returns a probability of 11% that the Na abundances can be described by a single normal distribution with the mean and standard deviation of the full sample (< A(Na) >= 4.17 and σ = 0.21).
Two of the RGB stars analysed in this study have Na abundances that clearly place them in the first generation (A(Na) < 4.0, #5644 and #17691). One additional star may be regarded as a limiting case (A(Na) = 4.10±0.09, #14592), but after considering its comparably high Mg and O levels we also assign this star to the first generation. The remaining 18 RGB stars are assigned to the second generation. We ascribe to low number statistics the finding that only three out of 21 RGB stars belong to the first generation (since the number ratio found for the full sample is approximately 1 : 3, we would have expected five stars). As can be seen from Fig. 6 , displaying the O, Na, Mg, and Al abundances, the populations are most clearly distinguished in a Na-Mg diagram, probably because of the more precise determination of these abundance ratios compared to O and Al. The Al lines are not detectable in the first generation stars and we can only infer upper limits to their Al abundance. Nevertheless, the abundances of O, Al, and Mg support the view that the Narich stars have been polluted by gas enriched in H-burning products. Table 1 lists the mean abundance ratios relative to iron of the stars that we characterise as belonging to the first and sec- Table 1 . Mean abundances and abundance dispersions compared to literature values for NGC 6397. Listed are also the mean abundances of the RGB stars characterised as belonging to the first generation (< A(X) > I , 3 stars) and second generation (< A(X) > II , 18 stars), as well as the difference between the two mean quantities. Korn et al. (2007) , mean of six brightest targets.
e Upper limits treated as detections. c Gratton et al. (2001) , mean of three brightest targets.
f Asplund et al. (2009) solar abundances adopted.
ond generation. The difference in mean abundance ratios is also listed. Carretta et al. (2009b,a) measured the Na abundances of a large number of RGB stars in NGC 6397 and reported O abundances or upper limits for a subset of 13 stars. ). Accounting for the ∼ 0.14 dex difference in mean [Fe/H] between the studies, the mean O, Na, and Mg abundances agree rather well (±0.1 dex). However, the full set of Na abundances published by Carretta et al. ( including the lower resolution measurements with VLT/GIRAFFE) shows a systematic offset towards higher values by typically 0.2 dex. The reason for this offset can be traced to differences in the adopted oscillator strengths (∼ 0.05 dex), as well as differences in the non-LTE corrections applied (∼ 0.15 dex).
According to the distinction recognised by Carretta et Finally, we have also inspected the Na abundance histogram of the full Carretta et al. (2009) sample, to see whether the same double-peaked distribution as in Fig. 5 can be distinguished. This is not the case however, which we believe is likely due to the larger measurement errors (typically ∼ 0.1 dex, according to their estimate, compared to ∼ 0.05 dex in our study) stemming from their lower spectral quality. The possibility that the bimodality seen in our abundance data is artificial and not representative of the true distribution obviously cannot be completely ruled out. This is unlikely though, especially considering that the two samples (TO+SGB and RGB) display a very similar pattern. Furthermore, our Na abundance histogram for NGC6397 bears a striking resemblance to the one found by Marino et al. (2008, see their Fig. 6 ) for the higher metallicity cluster M4. On the basis of this histogram, the authors find that ∼ 36% of the stars are centred around [Na/Fe] = 0.07 ± 0.01, whereas the remaining majority of stars are of second generation, centred around [Na/Fe] = 0.38 ± 0.01. Fig. 7 compares the abundance ratios of our cluster targets to halo field data. As expected, we see that the [Na/Fe] ratio of the first generation is in good agreement with the field at this metallicity, whereas the Na abundances of the second generation are clearly enhanced. The [Al/Fe] ratios of the second generation also appear enhanced relative to the field, but only upper limits can be inferred for the first generation, limiting our comparison to field stars. The [Mg/Fe] and [O/Fe] ratios have smaller total ranges in the cluster than [Na/Fe] and [Al/Fe], which reflects that the absolute abundances of Mg and O are higher than those of Al and Na by almost three orders of magnitude. The measurements of O and Mg for both first and second generation stars may be compatible with those of the field.
Nitrogen
As mentioned in the introduction, NGC 6397 photometric data appear to be very homogeneous. However, colour indices de- Andrievsky et al. (2007 Andrievsky et al. ( , 2008 Andrievsky et al. ( , 2010 , open triangles Cayrel et al. (2004) , and open diamonds Nissen et al. (2002) .
signed specifically to trace elemental abundances may provide further support for the presence of multiple populations. As realised by Grundahl et al. (2002) , the strength of the Strömgren c 1 -index can be used as a tracer of the N abundance, since the ufilter involved in constructing this index covers the 336 nm NH features. Yong et al. (2008a) empirically defined a more suitable index for the purpose, c y = c 1 − (b − y), which removes much of the temperature sensitivity of c 1 . The top panel of Fig. 8 shows a V − c y diagram, in which we have marked the first and second generation targets in this study with different symbols. We have also added the RGB targets analysed in Paper I, assigning stars with A(Na) < 4.0 to the first generation and A(Na) > 4.0 to the second. The clear separation between the generations visible in Fig. 8 indicates that their N abundances are also affected. This correlation between c y -index and light element abundances was also illustrated by Milone et al. (2010) for the more metalrich globular cluster NGC 6752. In both clusters, the first generation of stars seem to populate a tight, blue RGB sequence in this colour index, and the second generation a more dispersed, red sequence. We also note the close analogy with the divided Na-rich and Na-poor RGB sequences in the U − (U − B) diagram of M4, as shown by Marino et al. (2008) .
In the bottom panel of Fig. 8 , we have extracted a box centred on the middle RGB and produced a histogram of the c y index. The magnitude cuts are applied to reduce any remaining bias due to temperature effects. We again see a two-peaked histogram, very similar to the one obtained for the Na abundance. The best fit returns the peak positions at c y = −0.341 and c y = −0.306, with a size relationship of 25% and 75% for the left and right peak, in excellent agreement with previously inferred number fractions for the first and second stellar generation (see Sect. 3.1). However, the probability that the colours can be described by a single Gaussian distribution is 59%, again as given by the Anderson-Darling statistics.
We can estimate the corresponding difference in [N/Fe] abundance using the theoretical calculations (based on synthetic colours) byÖnehag et al. (2009), giving an approximate sensitivity of δc y /δ[N/Fe] = 0.04 for stars in the same T eff and log granges in NGC 6752. A somewhat stronger sensitivity, 0.06, was found by Yong et al. (2008a) who empirically correlated spectroscopic N abundances with c y -colour for the same stars. This cluster has a slightly higher metallicity, but still helps us to obtain an order of magnitude estimate. The typical ∆[N/Fe] between stars of the first and second generation thus lies in the range 1-1.5 dex. This is consistent with spectroscopic N measurements by Carretta et al. (2005) , who found that six out of nine SGB stars are strongly enhanced in [N/Fe] compared to the remaining sample, by as much as 1.5 dex. Pasquini et al. (2008) find all three stars in their sample to be highly N-enriched relative to the field. Spectroscopic N measurements for a large sample of stars in NGC 6397 is obviously desirable to establish the absolute range of abundances and to verify the apparent bimodality.
α and iron-peak elements
Globular clusters are generally very homogeneous in α and ironpeak elements, with the exceptions of peculiar clusters such as ω Cen. In NGC 6397, the star-to-star scatter in [Fe/H] in our RGB sample is extremely small, only 0.03 dex, when inferring the iron abundance from singly ionised lines. The Fe I line abundances exhibit a slight decreasing trend with decreasing effective temperature, which is not seen in Fe II line abundances. The same pattern is seen for [Ti/Fe] and [Cr/Fe] ratios, and may indicate that the temperature scale contains a small systematic bias (∼ 50 K over a total range of 500 K) or that non-LTE and/or 3D effects have minor differential effects. In Table 1 , the reported Fe, Ti, and Cr abundances are all based entirely on singly ionised lines. The abundances of Mn, Co, Cu, and Zn are based on one rather weak neutral line, which likely explains the larger star-tostar scatter in these abundances.
In general, the α and iron-peak elements display the expected pattern, in agreement with the halo field at this metallicity. The Bergemann & Gehren (2008) , but as shown in that study, non-LTE corrections for Mn are positive and rather substantial. As can also be seen in Table 1 , there is no significant difference (i.e. > 2σ) between the mean abundances of intermediate mass (heavier than Al) and iron-peak elements for the stars that we characterise as belonging to the first and second generation.
Neutron capture elements
Metal-poor halo field stars are known to display a large scatter in some of the neutron capture elements, which cannot be explained by observational uncertainties (see e.g. Barklem et al. 2005; Burris et al. 2000) . Stars within a globular cluster are generally far more homogeneous in their heavy element abundances, as shown by for example James et al. (2004) Yong et al. (2005) , we can observe good agreement between Zr, Ba, Ce, Nd, and Eu abundances. However, for Zr this is partly coincidental; accounting for differences in the adopted oscillator strength for the Zr II line at 511.2 nm, our abundance ratio would be 0.3 dex lower. A similar difference is seen when comparing the estimates for [Y/Fe]. It thus seems that the two clusters are very similar in heavy neutron-capture elements having Z > 56, whereas the lighter Z = 39 − 40 elements are 0.3 dex less abundant in NGC 6397.
According to Burris et al. (2000) , Y, Zr, Ba, and Ce are all mainly s-process elements (72-85% s-process contribution), whereas Nd is approximately half r-process, half s-process. Eu is an almost pure (97%) r-process element. For the first time, we determine the [Ba/Eu] ratio in this cluster, and the value we infer (−0.49) is quite close to the scaled solar r-process of −0.81 (the scaled s-process value is 1.45). The same is true for the [Zr/Eu], [Ce/Eu], and [Nd/Eu] ratios, whereas [Y/Fe] is even slightly below the value expected for a pure r-process contribution. This implies that chemical enrichment by core-collapse supernovae may be sufficient to explain the observed heavy element abundances, and that the contribution from AGB stars has been limited.
The two stellar generations are very similar in terms of the measured neutron-capture elements (see Table 1 ). Only the [Y/Fe] ratio is higher by ∼ 3σ in the second generation. The difference (0.04 dex) is, however, too small to be convincing. A comparison with halo field stars does not provide much information, since the stars in the field are highly scattered. The abundances we find for NGC 6397 are well within the ranges found e.g. by François et al. (2007) for a sample of metal-poor field giants.
Helium
If the second generation stars in globular clusters have indeed been enriched in nucleosynthesis products connected to hydrogen-burning, they should also have a higher He content than their first generation counterparts, although we may only speculate about the exact amount.
di Criscienzo et al. (2010) used the accurate, proper-motion cleaned HST photometry of Richer et al. (2008) to measure the width of the main sequence in NGC 6397 and constrain the possible helium spread in the cluster. Under the assumption that 70% of the stars belong to the second generation and have a C+N+O enhancement as suggested by spectroscopic observations (∆[(C + N + O)/Fe] ∼ 0.25 according to Carretta et al. 2005) , they conclude that the cluster must be very uniform in He abundance, implying that there is a difference of only ∆Y = 0.02 between the first and second generations. When allowing for higher [(C+N+O)/Fe] overabundances, a broader spread in he- lium (∆Y of up to 0.04) is compatible with the tightness of the main sequence. Here we attempt to constrain this difference using spectroscopic arguments instead. The He abundance cannot be measured directly in late-type stars, but nevertheless influences the emerging stellar spectrum. The effects of helium-enrichment in a cool stellar atmosphere has been investigated by Strömgren et al. (1982) , who found that changes in the helium-to-hydrogen ratio of F type dwarfs affect the mean molecular weight of the gas and have an impact on the gas pressure. However, helium contributes only negligible to the line and continuous opacity in a cool atmosphere and does not provide free electrons. Therefore, Strömgren et al. concluded and demonstrated that a helium-enrichment can be mapped merely as a shift in surface gravity, i.e. a heliumenriched atmosphere is similar to a helium-normal atmosphere with a higher surface gravity, in terms of temperature structure and electron pressure structure. Stars with identical T and P e structures and the same ratio of metals-to-hydrogen also have identical spectra. The calculation of the necessary shift in surface gravity is given by the relation (see equivalent eq. 12 in Strömgren et al. 1982) log g
where log g ′ is the surface gravity of the model with helium-tohydrogen ratio y ′ = N He /N H and analogously for the doubleprimed variables. We tested whether the relation also holds for our RGB targets by computing two metal-poor MARCS atmospheric models (Asplund et al. 1997 ) with T eff = 4700 K. One model has extreme helium-enrichment, log g = 1.65, and y = 1.0 (corresponding to helium mass-fraction of Y = 0.8). The second model is helium-normal, but has a higher surface gravity, log g = 1.95, and y = 0.085 (Y = 0.25). All metal abundances relative to hydrogen are the same in both models ([Fe/H] = −2.0), which means that the helium-rich model has a lower mass fraction of metals. The temperature structure and electron density structure of the two model atmospheres are very similar, as expected, and the derived elemental abundances based on the models are the same to within ∼0.005 dex. We thus consider it safe to use the scaling with surface gravity of normal composition models to mimic helium-enhancement.
We selected one star from each generation to test the hypothesis of a difference in He-content. The stars have essentially identical stellar parameters, which allows a differential comparison. Table 2 lists the derived stellar parameters for these two targets. The absolute T eff -values inferred from fitting the wings of the Hα line and from the excitation equilibrium of neutral iron are both somewhat lower than the values derived from the photometric data, but the difference between the two selected stars is small for all methods. Since the true difference in He abundance between the stars, if any, is unknown, the effective temperatures have been computed by assuming a normal helium-to-hydrogen ratio in both objects. None of the methods should be severely biased however by this assumption. The Strömgren colours have only a weak sensitivity to surface gravity (∼ ±15 K per ±0.1 dex in log g), which is also true for neutral iron lines (the differential impact on the iron abundance inferred from low-and highexcitation lines is 0.001 dex per 0.1 dex in log g, which translates to < 0.5 K in effective temperature.). The influence of a higher helium-to-hydrogen ratio on the Hα profile has been investigated and found to be negligible as well, if the number density of metals remains constant. Based on the information in Table 2 , we conclude that the difference in effective temperature between the stars is likely to be small. We assume that they have the same effective temperature and adopt 10 K as a representative error in the relative difference. The photometric surface gravities were determined in Paper I, from the common relation between mass, surface gravity, luminosity, and temperature. Assuming M = 0.8 M ⊙ and bolometric correction BC = −0.390, the resulting values are different by 0.03 dex only. However, as the evolution of a helium-enhanced star is certainly different from that of a helium-normal one, the assumption of equal masses for the two stars may be wrong. If #14565 is helium-enriched compared to #5644, it should, from stellar-evolution arguments, have a lower mass and consequently a lower surface gravity. We also calculated surface gravities based on the ionisation equilibrium of Fe I and Fe II. With a normal-star composition for both objects, the surface gravity values are different by 0.02 dex. If a higher helium mass fraction is assumed for 14565, the surface gravity value that establishes the equilibrium will shift to lower values in accordance with Eq. 1. However, the iron abundance found relative to hydrogen will be the same in both cases. We thus conclude that if the stars have the same helium mass fraction, they also have almost the same surface gravity. If not, the difference in log g cannot be determined independently from the difference in helium content. However, if log g is calculated by ionisation equilibrium, the effect of the helium enhancement will effectively cancel and [Fe/H] will be found to be the same.
We calculate the iron abundances, A(Fe), and iron mass fractions, Z(Fe), of 5644 and 14565, using T eff = 4750 K, ξ t = 1.7 kms −1 , and the surface gravities that satisfy the ionisation equilibrium of iron, which is different for different values of y. The results are given in Table 3 . When assuming a normal He composition, the iron abundances of the stars agree to within 0.007 dex. A higher mass fraction of helium in 14565 will not affect the iron abundances derived relative to hydrogen, but the mass fraction of iron will be lower. Assuming that the mass fractions of iron are exactly the same for the stars, we can calculate the corresponding difference in helium mass fraction. The errors in ∆A(Fe) and ∆Z(Fe) are estimated from the standard deviation in the mean difference for each individual line, to cancel contributions from uncertainties in oscillator strengths. The resulting error is 0.003 dex for Fe I and 0.009 dex for Fe II. Adopting a relative uncertainty in effective temperature of 10 K corresponds to an additional 0.016 dex. The total error budget is thus 0.028 dex, or 6.7% in iron mass fraction. Assuming that #14565 have the same Z(Fe) as #5644, ∆Y between the stars then becomes 0.01 ± 0.06. We caution that this is far from a stringent constraint on the true difference in Y, especially considering the possibility of a real (small) difference in iron mass fraction. However, it is safe to say that our simple arithmetic exercise clearly does not support extreme He-enhancement, in agreement with the photometric tightness of the main sequence.
In the cluster formation scenario described by Decressin et al. (2007a) , in which slow winds from rotating massive stars pollute the star forming gas, one expects an anti-correlation between helium and [O/Na] for second generation stars born out of a mixture of stellar ejecta and pristine material. As can be seen in Fig. 13 of Decressin et al. , the small value implied for ∆Y is fully compatible with the corresponding ∆[O/Na] of 0.65 dex between #5644 and #14565. This good agreement persists over the whole mass range considered by Decressin et al. (2007a) , i.e., for polluter stars with masses between 20 and 120 M ⊙ .
Consequences for the evolutionary scenario of NGC 6397
We now investigate whether the abundance patterns we derived for NGC 6397 can be accounted for in the framework of the so-called "wind of fast rotating massive stars" (WFRMS) scenario (see e.g. Prantzos & Charbonnel 2006; Decressin et al. 2007a,b) . In this scenario, second generation stars are formed from matter ejected through slow winds of individual massive stars (M≥20 M ⊙ ), mixed locally with pristine interstellar gas. We note from the onset that the main alternative scenario, proposing that ejecta from intermediate-mass AGB stars have shaped the abundances patterns of light elements may be equally successful in explaining the observed anti-correlation of O and Na, as well as an accompanying mild He enrichment. In particular, Ventura & D'Antona (2009) show how the O-Na data of Carretta et al. (2005) can be reproduced if 50% of AGB ejecta are mixed with 50% pristine intracluster gas. The main argument against such a scenario is the implied near constancy of C+N+O, as discussed above. Decressin et al. (2009) demonstrate how metal-poor massive rotating AGBs are expected to produce very strong C+N+O enhancement as He-burning products are also released in the ejecta. In contrast, for the massive star scenario only H-burning products are expected to enter the composition of second generation stars, thus maintaining a stable sum of C+N+O.
Method
We follow the same procedure as described in Decressin et al. (2007a) , using the stellar models of Decressin et al. (2007b) computed for the metallicity of NGC 6752 ([Fe/H]∼ −1.56), i.e. slightly higher than that of NGC 6397 ([Fe/H]∼ −2.08). A difference of this size should have no impact on our conclusions (Ekström et al. 2008) . However, the enrichment history of the two clusters certainly differ to some extent, which must be considered in the analysis. In particular, the full range in O abundance is twice as large in NGC 6752 (0.8 dex, Yong et al. (2003) ) than in NGC 6397 (0.4 dex, see Fig. 6 ). In addition, NGC 6752 has a broadened main sequence (Milone et al. 2010 ) and an extended horizontal branch, indicative of a larger variation in the He content.
When establishing the recycling process of NGC 6752, Decressin et al. (2007a) took into account all the material ejected by massive stars rotating at critical velocity, both on the main sequence and during the first part of the central He-burning phase 2 . This allowed the build-up of extreme abundance anomalies in both O and Na, and also lead to high He-enrichment for the "extreme component" of second generation stars. As discussed in Sects. 3.1 and 3.5, such extreme anomalies appear to be lacking in NGC 6397, and the second generation stars are probably only mildly overabundant in He. Consequently, we assume that only the slow winds ejected on the main sequence by rapidly rotating massive stars are recycled into the second generation and we neglect the material that is lost during the luminous blue variable phase. As discussed in Sect. 4.5, this may have some impact on the total mass budget, although most of the mass loss through the slow mechanical winds occurs while the rapidly rotating stars are on the main sequence (in the case of a 60 M ⊙ rotating at critical velocity, 20 M ⊙ and 7 M ⊙ are lost through the mechanical wind on and slightly after the main sequence, respectively, according to these models). We do not venture to discuss in detail the underlying reason for the different observed abundance patterns in NGC 6752 and NGC 6397, but one may speculate that different initial masses of these clusters have played a role, especially on the amount of pristine gas available to be mixed with the massive star ejecta to form second generation stars (see Sect. 4.2). We note also that cluster mass has been identified as one of the main parameters governing the chemical patterns of GCs, together with cluster metallicity, age (see e.g. Carretta et al. 2009a Carretta et al. , 2010 , and environment of formation (Fraix-Burnet et al. 2009 ).
Amount of dilution between massive star ejecta and pristine gas
The star-to-star spread in light element abundances observed in globular clusters today may imply that all the material ejected by the first generation massive stars was not fully mixed before being recycled into the second stellar generation. In addition, the measurements of both O and Li pinpoints the formation of second generation stars in the vicinity of individual massive stars from their slow winds mixed with pristine interstellar matter. As explained in Decressin et al. (2007a) we may use the observed Li-Na anti-correlation to estimate the amount of dilution between the massive star ejecta that are totally void of Li and the pristine intracluster gas left after the formation of first generation stars, whose Li abundance is assumed to be equal to the primordial (Big Bang) value. In addition, we assume that the slow wind of each individual massive star experiences locally a variable dilution with time. In the early main-sequence phase, the stellar ejecta encounter more pristine gas and are hence more diluted than the matter ejected later. As the stellar winds become more Na-rich later in the course of the evolution of a massive polluter, the Li-Na anti-correlation builds up naturally: a second generation of stars of a relatively high Li content and a relatively low Na abundance are created first, while stars formed from matter ejected later have less Li and more Na.
In Fig. 9 , we present theoretical predictions for the Li and Na abundance variations in the resulting material out of which second generation low-mass stars are assumed to form. The tracks shown correspond to the cases of the ejecta of the 20 M ⊙ and 120 M ⊙ models by Decressin et al. (2007b) for different values (0.2, 0.4, 0.6, and 0.8) of the minimum dilution (along individual tracks dilution decreases from 1.0 to this minimum value as the polluter star evolves). Predictions for polluters with different initial masses would fill the whole space between 20 and 120 M ⊙ tracks. The initial (pristine) [Na/Fe] value is assumed to be the average that we find for first generation stars (i.e., −0.3; see Sect. 3.1). For Li, we consider the value from WMAP and Big Bang nucleosynthesis (A(Li) = 2.72 according to Cyburt et al. 2008 ) and take into account Li depletion of 0.2 dex at the surface of both first and second generation low-mass stars during the main sequence (see Charbonnel & Primas 2005 , and Paper I). In Fig. 9 , the theoretical tracks are superimposed on the Li and Na observational data by Paper I for NGC 6397 TO and SGB stars that have not yet undergone the first dredge-up. TO and SGB stars (defined here as stars fainter and brighter than V = 16.2, respectively) are indicated by different symbols to also consider the 0.1 dex difference in A(Li) found between these two groups, which in Paper I was interpreted as a sign of a dredge-up of settled Li. Various degrees of dilution can accurately explain the observed spread, and the bulk of the sample can be reproduced assuming a minimum dilution factor of 0.5 (i.e., that at least 50% of the material that formed the corresponding stars is pristine gas). Stars with low-Li and high-Na stars require a lower minimum dilution factor of ∼ 0.2. Within the observational errors, the overall agreement between the observational and theoretical trends and dispersions is satisfactory. 
Expected anti-correlations
Armed with this calibration for the dilution between massive star ejecta and pristine gas we can now make similar predictions for the (anti-)correlations between O, Na, and Al. For the composition of the pristine cluster gas, we use the average values that we derived for first generation stars for O and Na ([O/Fe] = 0.7, [Na/Fe] = −0.3). Since we could only derive upper limits to the Al abundance of the first generation, we assume a value that is approximately compatible with the field at this metallicity, [Al/Fe] = 0.0 (see Fig. 7 ).
The theoretical tracks for the chemical composition of material out of which second generation stars can form are shown in Fig. 10 . They correspond to the case of a minimum dilution equal to 0.2 (for these elements, the tracks for other minimal dilution values are superimposed on one another although to different extents) for polluters of various initial masses. As can be seen, the tracks do not vary much with polluter mass since the central temperature in massive stars is always high enough to burn protons through CNO-cycles and Ne-Na and Mg-Al chains. However, the efficiency of the rotationally-induced mixing increases with stellar mass, implying that more massive stars give rise to more extreme abundance variations. In particular, only the most massive stars can be held responsible for the highest Al and Na en- richment observed in NGC 6397. Satisfactory agreement is again achieved between data and predictions. Decressin et al. (2007b) described the sensitivity of the model predictions to the nuclear reaction rates adopted in the computations. The stellar models used here were computed with their "set C" for the nuclear reaction rates (see Table 2 of Decressin et al. 2007b) . In this case, the total magnesium abundance decreases by ∼ 0.1 dex only. If we were to assume an enhancement of the 24 Mg(p,γ) reaction as done in "set D" of Decressin et al. (2007b) , we would however predict a total magnesium abundance decrease by ∼0.15 dex, in slightly better agreement with our Mg data in NGC 6397.
He content
We can now make predictions about the helium spread expected within the WFRMS scenario with the assumptions described above in the specific case of NGC 6397. Fig. 11 shows the predicted variation in He mass fraction as a function of the [O/Na] ratio. We also show the values estimated in Sect. 3.5 for #5644 and #14565. We see that the theoretical helium variation corresponding to a ∆[O/Na] of 0.65 is smaller than 0.04, fully compatible with the spectroscopic estimate, when very modest C+N+O enrichment is considered as discussed above.
When assuming a "standard" IMF (slope of 2.35) for the massive polluter stars and taking into account the variable dilution process described in Sect. 4.2, we find that ∼ 70% of second generation stars should be born with an helium mass fraction that is 0.02 higher than first generation stars. In addition, about 5-10% of second generation stars are expected to be born within the range Y = 0.35 − 0.39. The resulting dispersion in Y is compatible with the constraints obtained from the width of the main sequence (∆Y < 0.04), although no blue, very He-rich main sequence has been identified in the cluster. This prediction is, however, at odds with the lack of a blue tail to the horizontal branch in NGC6397.
Initial cluster mass
As discussed in Sect. 3.1, about 75% of the long-lived lowmass stars still present today in NGC 6397 belong to the socalled second generation, while about 25% were born with the same chemical composition as the massive polluters. Prantzos & Charbonnel (2006) and Decressin et al. (2007a,b) demonstrated that such high a number ratio of second generation stars requires either a very flat IMF for the first generation of massive stars, or that a very large number of first-generation low-mass stars have escaped the cluster.
We thus follow here the second scenario, assuming in addition that the first stellar generation contains stars with initial masses between 0.1 and 120 M ⊙ , while the second generation consists only of long-lived low-mass stars (0.1-0.8 M ⊙ ). This assumption was introduced by Prantzos & Charbonnel (2006) as a simplification and to maximise the ratio of ejecta to live stars. Simulations of star formation in the vicinity of rapidly rotating massive stars exhibiting disks are required to validate this hypothesis on physical grounds. We use a Salpeter IMF for the first generation of massive stars. On the other hand, we consider that the present-day log-normal distribution derived by reflects the IMF of the long-lived low-mass stars of both the first and second generation, thus neglecting the probable scenario that low-mass stars have been preferentially evaporated from the dynamically evolved cluster (see e.g. De .
We can then derive the amount of first-generation long-lived stars that must have been lost in order to fit the high ratio of second to first generation stars (3:1) found in NGC 6397. As we consider pollution by massive star ejecta released on the main sequence only, we have less polluter material to form new stars than in the case of NGC 6752, as studied by Decressin et al. (2007a) . This effect is partially compensated by the higher dilution needed to reproduce the Li-Na anti-correlation as we form more second generation stars per unit mass released into slow winds.
Finally, we find that about 90% of first generation low-mass stars must have been lost by NGC 6397, probably during the early event of gas expulsion by supernovae (see Decressin et al. 2010) . The initial mass of NGC 6397 must thus have been at least ten times higher than its present day mass. In this estimate, we neglect the long-term dynamical evolution processes that occur later on, when the two generations are dynamically mixed, i.e., have the same radial distribution, and should be ejected from the cluster at the same rate (Decressin et al. 2008 ). This late evolution can thus not be constrained by the present fraction of firstto-second generation stars.
Conclusions
By studying red giant branch stars in the globular cluster NGC 6397, we have demonstrated the possibility of distinguishing between the present stellar generations spectroscopically, by making use of a double-peaked histogram of Na abundances. A two-population fit returns a Na abundance similar to the halo field for 25% of the stars, which we characterise as belonging to a first generation, whereas the remaining 75% (i.e. second generation) have highly elevated Na abundances. This bimodal abundance signature should be verified for an extended sample, and similar histograms may also be possible to produce for N and Al abundances, for which large spreads are present in globular clusters. The abundance spreads are smaller for O and Mg, making the task more challenging. Highly precise abundance analysis, with small statistical error bars will be necessary to identify these patterns, if indeed present.
Based on 17 different elements heavier than Al, we conclude that there is no evidence that α, iron-peak or neutron-capture abundances are significantly different between the stellar generations. We have also estimated the difference in He abundance between two stars of each generation by enforcing the mass fraction of iron to be same within the error bars of the analysis. This small (if any) difference in He is expected from models of cluster self-enrichment and also supported by the tightness of the main sequence of NGC 6397. The same exercise should be performed for other globular clusters, especially those displaying multiple main sequences, hopefully bringing us closer to identifying the process responsible for early cluster pollution.
We have finally shown that the abundance patterns observed in NGC 6397 can be well reproduced within the "wind of fast rotating massive stars" scenario. On the basis of the Li-Na relation we have been able to infer the dilution factors between the ejecta of massive polluters and interstellar gas of pristine composition. The observed ratio of second to first generation stars was used to estimate the number fraction of first generation long-lived lowmass stars that must have been lost by NGC 6397, and thus a lower limit to the initial mass of this globular cluster. Lincke & Ziegenbein (1971) 12 Fuhr et al. (1988) 4 Wiese et al. (1969) 13 Wickliffe & Lawler (1997) Smith & Raggett (1981) 16 Hannaford et al. (1982) 7 Smith (1988) 17 Ljung et al. (2006) 8 Smith & O'Neill (1975) 18 9 Lawler & Dakin (1989) 19 Komarovskii (1991) 21 See ref. in Yong et al. (2005) 20 Biemont & Zeippen (1992) 22 Lawler et al. (2001) 
